We follow the evolution of a vibrational wave packet in a highly excited state of the halogenated methane CH 2 I 2 . We observe how the wave packet modulates both dissociation and concerted elimination to form CH 2 I + and I 2 + , respectively. We present a simple and intuitive interpretation of the molecular dynamics leading to the formation of the products.
I. INTRODUCTION
Vibrational wave packets play an important role in driving coherent chemistry and molecular imaging. [1] [2] [3] [4] [5] [6] There is significant interest in extending wave packet measurements and controlled bond breaking from diatomic molecules to larger polyatomic systems. [7] [8] [9] [10] Experiments and calculations aimed at observing and controlling dynamics in the halomethane family of molecules 11, 12 have been motivated by their importance in atmospheric chemistry 13 and the fact that they serve as prototypes for laser controlled chemistry.
14 In addition to bond breaking, several experiments have used ultrafast lasers to drive and control concerted elimination in this family of molecules. [15] [16] [17] Prior ultrafast laser measurements of I 2 and I 2 + production from CH 2 I 2 have demonstrated concerted elimination of the I 2 and I 2 + products from the parent molecule. 17, 18 Control over the I 2 yield has been demonstrated via laser pulse chirp, 19 and vibrational coherences have been observed in the I 2 product. Here, we present measurements where vibrational coherences in the reactant modulate the product yield. We show molecular dissociation and concerted elimination in CH 2 I 2 driven by an ultrafast laser pulse and modulated by wave packet motion along one dimension of the full molecular potential energy surface. The picture that emerges is simple and intuitive.
II. THE EXPERIMENTAL APPARATUS
We begin with pulses from an amplified titanium:sapphire laser system ͑for a more detailed description of the experimental apparatus, see Ref. 20͒. The repetition rate, central wavelength, pulse duration, and pulse energy of the laser pulses are 1 kHz, 780 nm, 30 fs, and 1 mJ, respectively. The pulses from the amplifier system are directed into a Mach-Zehnder interferometer. One arm of the interferometer contains a pulse shaper with a computer-controlled, acousto-optic modulator ͑AOM͒ as the shaping element. 21 The interferometer with AOM allows us to vary both the pump-probe delay as well as the probe pulse shape. For the experiments described in this paper, we use the AOM only as a variable attenuator to change the probe pulse intensity. The two pulses are focused and intersect in an effusive molecular beam inside a vacuum chamber equipped with a time-offlight mass spectrometer ͑TOFMS͒ that resolves the different fragment ions. TOFMS are recorded as a function of pumpprobe delay and probe pulse intensity, resulting in a twodimensional data set. All the data presented here were taken with a peak pump pulse intensity of 135 TW/ cm 2 . Figure 1 shows the CH 2 I 2 + , CH 2 I + , and I 2 + fragments derived from CH 2 I 2 , as well as I 2 + from a pure I 2 sample, as a function of pump-probe delay. As discussed above, we recorded the molecular fragment ion yields as a function of both pump-probe delay and probe pulse intensity. However, as the observed modulations in the fragment ion yields did not change over a range of probe pulse intensities ͑41 to 73 TW/ cm 2 ͒, for the data shown in Fig. 1 , we have integrated over this range of probe pulse intensities in order to maximize our signal to noise ratio. The pump-probe delay was varied from −500 to 4000 fs with a step size of 9.9 fs. Measurements were made using both a CH 2 I 2 sample and a pure I 2 sample, in order to differentiate between laser driven concerted elimination and simply ionization of background I 2 in the interaction region.
III. RESULTS
As the data for each fragment ion are normalized to their maximum value, Table I lists the relative ion yields for comparison. Measurements of the fragment ion yields as a function of pump pulse intensity indicate that for the intensity of the pump pulse used in our experiments, the ionization of the sample is saturated. 23 For a fully ionized molecular sample, the I 2 + yield ͑ϳ0.06͒ is about an order of magnitude larger than the I 2 yield found for excitation of the molecule with continuous wave radiation at ϳ9.4 eV. 22 The yields for all three fragments from CH 2 I 2 ͑CH 2 I 2 + , CH 2 I + , and I 2 + ͒ show modulations as a function of pumpprobe delay with an identical frequency and a well-defined phase relationship. However, the modulation in I 2 + derived from a pure I 2 sample is at a different frequency from the others and, therefore, not locked in phase. This is made more clear by Fourier transforming the full, two-dimensional data set along the time axis to provide a measure of the frequency content ͑inverse pump-probe delay, in wave numbers͒ as a function of probe pulse intensity. These data for all four fragments are shown in Fig. 2 .
The CH 2 I 2 + ͓panel ͑b͔͒ and CH 2 I + fragments ͓panel ͑c͔͒ both oscillate at 111 cm −1 , while the I 2 + signal from the CH 2 I 2 sample ͓panel ͑a͔͒ shows Fourier components at both 111 and 130 cm −1 . At lower probe intensities, the I 2 + signal from the pure iodine sample ͓panel ͑d͔͒ is dominated by a similar component at 130 cm −1 . This contribution continually decreases in favor of an oscillation at 121 cm −1 as the probe intensity increases.
IV. DISCUSSION
The observed modulations in the fragment ion yields are a clear indication of vibrational wave packet dynamics. Here, we address what molecular motion leads to the modulations and how the various yields are related. As mentioned, an important first observation from the data is that the I 2 + signal from the CH 2 I 2 sample behaves differently from the I 2 + signal from the I 2 sample. As the vibrational frequencies for many excited states of I 2 are known, 24 we can identify states in which wave packet dynamics modulate the I 2 + yield. Specifically, we identify the modulation at 130 cm −1 with wave packet oscillations in the A 4 ⌺ u − state in excited I 2 + ͓Ref. 24 gives a frequency of ͑128± 2͒ cm −1 for this mode͔. This means that for low probe intensities, the I 2 + signal derived from CH 2 I 2 appears to be dominated by wave packet oscillations in I 2 + that modulate its dissociation into I + , which is antiphased with the I 2 + modulation at low probe intensity ͑not shown͒. More importantly, the 111 cm −1 component of the I 2 + signal derived from CH 2 I 2 has no counterpart in the measurements with pure iodine. We conclude that the oscillations at 111 cm −1 observed in I 2 + above 6.5 TW/ cm 2 probe intensity are due to I 2 + formed coherently by the laser from CH 2 I 2 .
Since all fragment oscillations share a common frequency, we postulate that the modulations are a result of wave packet motion in a single electronic state. As for which state is responsible, we can rule out the electronic ground state of the neutral molecule for two reasons. First, the modulation frequency does not match any of the measured normal mode frequencies nor any differences between normal mode frequencies in this state ͑Table II lists the relevant ground state modes͒. Second, it is very unlikely that a large amplitude vibrational wave packet would be formed in the ground electronic state of the molecule through nonresonant excitation. Furthermore, the anticorrelation ͑ relative phase͒ between the CH 2 I + and CH 2 I 2 + yields suggests that the where the intermediate step of CH 2 I 2 + corresponds to a lowlying electronic state of the molecular ion. Figure 3 shows a cartoon of the relevant potentials. The choice of reaction coordinate and equilibrium points is motivated by the structure of the ion relative to the neutral molecule, as discussed below. A vibrational wave packet is launched in the molecular ion through multiphoton ionization. The subsequent elimination of CH 2 I + and I 2 + is driven by the probe pulse lifting the vibrational wave packet from the potential corresponding to the molecular ion ͑CH 2 I 2 + ͒ into two different dissociative states, where the timing of the probe pulse controls which product is favored. The modulation in the parent ion yield is due to the depopulation of the wave packet in the ground ionic state.
The modulation at 111 cm −1 in each fragment ion yield has a well-defined phase relative to zero pump-probe time delay. The phases of the modulations in the CH 2 I 2 + and I 2 + yields relative to zero pump-probe delay are ͑i.e., minimum yield at t =0͒, while the phase of the modulation in the CH 2 I + yield is 0 ͑i.e., maximum yield at t =0͒. The fact that CH 2 I + and I 2 + oscillate out of phase ͑ phase difference͒ indicates that the positions for optimal production of CH 2 I + and I 2 + have to be close to the inner and outer turning points ͑B and C͒ of the potential. Furthermore, since the phase of the CH 2 I + modulation is 0 relative to zero pump-probe delay ͑i.e., CH 2 I + emission has its maximum at time zero͒, the position along the reaction coordinate for optimal branching to CH 2 I + ͓point ͑B͔͒ must happen at the same position as the While our observations are consistent with the wave packet dynamics taking place in the molecular ion, an earlier work has focused on highly excited neutral states. In particular, formation of I 2 with radiation of between 9.3 and 10.2 eV has been associated with excitation to Rydberg states and a C-I * antibonding state. 22 The recurrent wave packet signal and production of CH 2 I 2 + in our measurements indicate that the intermediate state is nondissociative. The fact that our I 2 + yield is an order of magnitude greater than those reported from neutral states suggests that our I 2 + signal is not derived from excitation of a highly excited neutral ͑Rydberg͒ state. Furthermore, the presence of molecular ions at zero probe pulse intensity means that the ionization is definitely taking place during the pump pulse, and the modulations we observe match the I-C-I scissors frequency calculated for the molecular ion ͑shown in Table II͒. The structure of the molecular ion is consistent with the wave packet dynamics occurring in a low-lying ionic state. The I-C-I angle is 97°in the ionic state, 25 whereas the I-C-I angle for the neutral ground state is 116°. 26 Thus, ionization of the molecule can launch a large amplitude "bending wave packet" that moves initially from a larger angle to a smaller one, consistent with the phase of the I 2 + modulation. At the inner turning point, both iodine atoms are close and tend to form an iodine molecule, while at the outer turning point, they tend to dissociate separately to form CH 2 I + and I. The agreement between our measured oscillation frequency and the calculated I-C-I bending frequency, in conjunction with the equilibrium angles for the neutral and ion, motivate the structure of Fig. 3 .
Finally, Fig. 2 shows that the 111 cm −1 oscillations appear at different probe pulse intensities for different ions. The CH 2 I + ͑and, consequently, the CH 2 I 2 + as well͒ oscillations start as soon as the the probe pulse intensity is nonzero, indicating that the transition from CH 2 I 2 + to CH 2 I + is linear in probe pulse intensity and, therefore, driven by single photon absorption. Since the I 2 + modulation does not initially increase linearly with probe intensity, the formation of I 2 + from CH 2 I 2 + is a nonlinear process and requires the absorption of at least two photons.
Our measurements lead to a simple and intuitive picture of the dynamics leading to the formation of I 2 + . The pump pulse ionizes the CH 2 I 2 molecule, launching a vibrational wave packet in a low-lying ionic state. This wave packet has a significant displacement along the I-C-I bend coordinate since the equilibrium angle for the ion is smaller than for the neutral. This bending motion modulates the amounts of I 2 + and CH 2 I + formed by the probe pulse, with smaller I-C-I angles favoring I 2 + production and larger I-C-I angles favor- ing CH 2 I + formation. It has been argued that I-C-I bending motion should influence I 2 production for a synchronous concerted elimination process, and our measurements are consistent with this intuitive argument. In fact, vibrational coherences have been observed earlier in the I 2 product. 18 In this work, we observe modulations in the concerted elimination yield driven by vibrational coherences in the reactant molecule.
While it is natural that the bending motion along the I-C-I coordinate influences the formation of I 2 + , this is clearly not the only dynamics affecting the production of I 2 + . Immediately following zero time delay, the CH 2 I 2 + and I 2 + signals drop dramatically, while the CH 2 I + signal increases commensurately. We believe that these large changes are a result of coupling between two low lying ionic potentials or motion along the C-I stretching coordinates, such that the wave packet will not return to its original position and shape on the excited PES. 29 The analysis of this motion will be the subject of a forthcoming publication.
V. CONCLUSION
In conclusion, we have studied the influence of vibrational wave packet motion on the formation of I 2 + ͑via concerted elimination͒ and CH 2 I + from CH 2 I 2 through a series of pump-probe measurements. Our measurements are consistent with a simple picture of the dynamics, where bending motion along the I-C-I coordinate in the molecular ion leads to a modulation in both yields as a function of pump-probe delay. The formation of I 2 + is largest when the wave packet is at the minimum I-C-I angle, while the formation of CH 2 I + is largest when the wave packet reaches the maximum I-C-I angle during each period of vibration. We are currently expanding our analysis to include motion along other coordinates of the molecular ion and to model the wave packet dynamics in a two-dimensional potential energy surface calculated by ab initio molecular structure calculations.
